Evolution has endowed vertebrates with the remarkable tactile ability to explore the world through the perception of physical force. Yet the sense of touch remains one of the least well understood senses at the cellular and molecular level. Vertebrates specializing in tactile perception can highlight general principles of mechanotransduction. Here, we review cellular and molecular adaptations that underlie the sense of touch in typical and acutely mechanosensitive vertebrates.
Anatomical organization of the somatosensory system is conserved among vertebrates. Environmental stimuli are detected by the peripheral nerve endings of pseudounipolar neurons housed in trigeminal (TG) or dorsal root ganglia (DRG). TGs occupy a cavity at the base of the skull and innervate the head, whereas DRGs lie along the vertebral column and innervate body segments. Tactile stimuli are detected and transmitted by afferent neurons, termed low-threshold mechanoreceptors (LTMRs). Two broad types of LTMRs exist: slowconducting non-myelinated C-type LTMRs and fast-conducting myelinated A␦-and A␤-LTMRs (40). In rodents, most LTMRs terminate in the skin as lanceolate endings in hair follicles or as part of mechanoreceptive end-organs, such as Merkel cell-neurite complexes, Pacinian and Meissner corpuscles, Ruffini endings, and others. The exception is C-LTMRs, which terminate as free nerve endings. The various types of LTMRs specialize in the detection of stimuli of a particular duration, magnitude, frequency, and velocity, providing information about forces acting on the skin or internal organs (84) .
Even though the spectrum of sensory cues perceived by each of the different end-organs is well defined, the exact mechanisms that underlie such specialization remain largely obscure. LTMRs, which are at the core of every mechanoreceptive end-organ, are intrinsically mechanosensitive, i.e., they can generate a mechano-evoked current (MA current) and a train of action potentials in vitro in the absence of the somatic components of the end-organs (56) . Action potential discharges are subdivided into slowly and rapidly adapting (SA and RA, respectively), reflecting the ability of the afferent to signal slow/static or transient/vibratory stimuli. These properties have long been considered innate to LTMRs themselves, yet recent evidence suggests that somatic components play an equally vital role in shaping the firing pattern of the afferent response.
In Merkel cell-neurite complexes (the principal detectors of static stimuli), activation of Merkel cells alone is sufficient to evoke a slowly adapting train of action potentials in the underlying neuron (49) . Similarly, lamellar cells in the Pacinian corpuscles (detectors of transient touch and high-frequency vibration) were proposed to influence excitability of the encapsulated afferent, which normally has a rapidly adapting firing pattern (60, 61) . The multi-component organization of sensory afferent and end-organs provides room for evolutionary changes to fine-tune mechanosensitivity to the species' needs.
Most of our knowledge of the physiology and molecular basis of mechanosensation comes from studies with rodents, worms, and flies, and is extensively covered in recent reviews (3, 32, 38, 41, 59, 72, 78, 80, 82, 84) . Here, we will focus on adaptations to tactile perception in acutely mechanosensitive vertebrates, which are not considered standard model organisms. Animals with extremely sensitive tactile perception not only reveal a diversity of sensory adaptations, behaviors, and neuronal specialization, but have the potential to highlight key physiological and molecular features underlying mechanosensation in general.
Specialization in Reptiles

Serpentes
Snakes are a diverse group of voracious predators who developed specialized organs to aid hunting in various conditions. These include pits for infrared sensation in the terrestrial rattlesnakes, boas, and pythons (27) , and sensory appendages (tentacles) to detect water movement in the aquatic tentacled snake (Erpeton tentaculatum). Even though tentacled snakes are highly visual, they can catch fish, their only food, in complete darkness, relying solely on the sense of touch (6, 8, 10) . Each tentacle is innervated by two branches of the trigeminal nerve. Electrophysiological recordings from tri-geminal cell bodies in response to mechanical stimulation of the tentacles or surrounding water revealed rapidly adapting discharges at the onset and offset of the stimulus. The neurons responded best in the 50-to 150-Hz range and detect minute tentacle movements caused by forces as little as 0.008 g (80 N). In other vertebrates, rapidly adapting LTMRs are invariably associated with complex mechanoreceptive end-organs, such as Meissner or Pacinian corpuscles, yet no similar structures have been detected in the tentacles (10) . The tentacles are devoid of electro-or chemoreceptors, suggesting that their only role is the detection of tactile stimuli and that they could be categorized as a separate (and the largest) type of mechanoreceptive end-organs (FIGURE 1 and Table 1 ).
Crocodilia
Crocodilians can efficiently hunt at night, relying heavily on the sense of touch. Behavioral studies show that alligators can detect vibration from a water drop without any visual or auditory clues (73) . All three families of Crocodilians have specialized miniature (0.2-1.2 mm) dome-like pigmented structures on their skin, called integumentary sensory organs (ISO). In Crocodylidae and Gavialidae, ISOs are distributed throughout the body, including the head, whereas in Alligatoridae ISOs are found only on the face near the mouth (42, 79). The dome of each ISO is covered with only a thin (5 m) stratum corneum, allowing mechanical stimuli to easily reach the inside. The ISOs house unmyelinated free nerve endings that penetrate the upper level of epidermis, and a number of mechanoreptive end-organs: Merkel cell complexes, Pacinian-like lamellated corpuscles, and others, innervated by myelinated trigeminal afferents (79) . Electrophysiological analysis of the trigeminal afferents from the American alligator (Alligator mississippiensis) revealed mechanosen- Table 1 ). It has been proposed that ISOs play several important functions during prey capture: detection of water vibration and physical contact, as well as prey analysis after the capture (42).
Specialization in Birds
Birds live in nearly every habitat, facing diverse challenges for survival that have dramatically shaped their sensory abilities. Although all birds have some sense of touch of their epidermis, some species are capable of fine tactile discrimination using their bill or beak (rostum). Like their crocodilian ancestors, birds' rostrum is their primary tactile organ, homodynamic to the primate hand. Consistent with the rostrum's importance to avian behavior, more brain area is devoted to processing information from the bill in tactile-foraging species than nonspecialists across several orders (30, 55) . Morphology of the beak varies dramatically between bird species, yet touch receptors of the beak and skin are highly conserved across avian taxa. In addition to free nerve endings, there are two major types of end-organs present in the bill of tactile foraging birds: Herbst and Grandry corpuscles. Herbst corpuscles (70) are fairly homologous to Pacinian or Pacinian-like lamellated corpuscles found in reptiles (42) and mammals (62) , whereas Grandry corpuscles, found only in aquatic birds, are most homologous with mammalian Meissner corpuscles (25, 75) . Therefore, it is likely that they first evolved in a more ancient common ancestor of modern birds. Examples of diverse tactile-foraging strategies exist in Paleognathae (kiwi) and the two major subgroups of Neognathae: Neoaves (parrots, ibises, and shorebirds) and Galloanserae (ducks, geese). Although morphology, foraging strategies, and environments differ, there are two things common to all tactile foraging birds: 1) a higher density of endorgans in the bill than in visual foragers (4, 16, 23) and 2) a larger percentage of their brain devoted to processing information from the trigeminal system (30, 83) . In addition, tactile-foraging birds generally have smaller binocular visual fields than visually foraging birds (55) .
Paleognathae
Kiwis have extremely small eyes and the smallest visual fields of any bird, making them ill-suited for visual foraging. Instead, kiwis forage nocturnally, relying on their sense of smell and touch (55, 81) . They also use remote touch but are less effective foragers when relying on tactile cues alone than on *Shown are optimal frequencies for the RA afferents only. Detectable frequency range is wider (see text and references). † In the literature, Grandry corpuscles are sometimes referred to as Merkel-like because of an apparent similarity. However, functional studies unequivocally indicate that they are RA, not SA; that they are corpuscles (Merkel are not corpuscles); and that they morphologically resemble Meissner, even though they very often have just two specialized cells (25, 75) . ϩ, Detected; -, not detected.
smell alone (18) . The morphology of their bill is consistent with a tactile foraging strategy, including Ͼ100 sensory pits in the distal bill containing Herbst corpuscles innervated by trigeminal afferents (19) .
Neoaves
Parrots find food primarily using vision and use touch to skillfully extract edible parts of food, such as husking seeds (20) . They palpate objects using specialized "bill-tip organs," located inside the distal upper and lower beak. The bill-tip organ and tongue are densely populated with Herbst corpuscles. The geometry of the bill-tip organs suggests that parrots can only determine tactile information about objects held within the bill (20) , consistent with a role in extractive foraging rather than prey detection.
Sandpipers (Scolopacidae) and Madagascar crested ibises (Lophotibis cristata) use remote touch to detect vibrations generated by motile prey buried in sand (17, 22) . Red knots (Calidris canutis) can also detect sessile prey using remote touch. This ability was demonstrated elegantly using objects buried in wet sand as the conditioned stimulus in an operant conditioning experiment (63) . Both molluscs and stones are effective conditioned stimuli, confirming that birds can detect their presence without smell, taste, or vibratory cues. Importantly, knots cannot do this task in dry sand, suggesting they detect differences in pressure resulting from water flow around the buried objects (63) . The anatomical structures underlying shorebirds' remarkable sense of touch are sensory pits in the hard keratin of the bill filled with Herbst corpuscles.
Galloanserae
Anseriformes (ducks and geese) forage in aquatic environments, where mud and algae hide prey from sight, and also feed at night. Some species of ducks engage in a form of tactile foraging called "dabbling": moving the bill rapidly back and forth in water (85, 86) . Unlike tactile foragers from other orders, the bill of Anseriformes is mostly covered by leathery skin, except for the bill-tip organ, which is keratinaceous (4). The bill is extremely mechanosensitive, as both inner and outer surfaces of the dorsal and ventral bill are replete with trigeminal afferent-innervated Herbst and Grandry corpuscles (2, 4, 69, 70) . The density of the corpuscles can reach 150 corpuscles/mm 2 (4), which matches the density of the homologous corpuscles in primate finger pads (77) . The bill-tip organ contains dermal papillae protruding through the keratin layer (FIGURE 1 and Table 1 ), reminiscent of the sensory pits found in shorebirds (4) . The bill of geese is similar to ducks, although Grandry corpuscles outnumber Herbst by several fold in the distal bill (26) .
More is known about the functional properties of mechanoreceptors in Anseriformes than in any other avian species. Single-unit recordings in both ducks and geese demonstrate sensitivity to vibrations between 50 and 1,000 Hz on the order of 1 m, similar to mammalian Pacinian corpuscles. The majority of mechanosensitive units are rapidly adapting in both species, with the exception of the bill-tip organ in geese (23-26, 28, 67) . Finally, MA currents from dissociated duck TG neurons are larger in amplitude, are longer in duration, and require less stimulus intensity than the same group of neurons from mice. Overall, duck TG neurons are innately more mechanosensitive than mouse cells, providing an explanation to the exceptional mechanosensitivity of this species at the neuronal level (71) . The majority of trigeminal neurons in several tactile-foraging duck subspecies are LTMRs expressing Piezo2 (71), a known mechanotransducer discovered in the somatosensory system of mice (15) . The numerical expansion of LTMRs in duck TG comes at the expense of nociceptors, suggesting that mechanosensory specialization occurs during the development of the somatosensory system (71).
Specialization in Monotremes
Platypus and its close relative echidna exhibit some anatomical and physiological features common to reptiles: features of the skull, the presence of a cloaca, and the ability to lay eggs, whereas others are similar to placental mammals: mammary glands, hairy skin, and a four-chambered heart. Platypus and echidna are the only terrestrial mammalian species that have developed electroreception, which they use together with mechanoreception to efficiently locate prey and avoid predators.
Duck-Billed Platypus (Ornithorhynchus Anatinus)
Platypi live in burrows on riverbanks. When a platypus dives to hunt underwater, it closes its eyes, ears, and nostrils, and completely relies on electro-and mechanosensation to locate its prey. The platypus is a champion in underwater mechanoreception, capable of detecting moving prey 50 cm away from its bill. The bill, especially its labial margins, contains over 40,000 mechanosensory appendages called push rods (51) , which morphologically resemble Eimer's organs in the "star" of the star-nose mole (discussed below). The push rod organ is ϳ400 m long and 70 m wide. The upper half of the rod is loosely attached to the epidermis, making its tip highly direction-sensi-tive, especially underwater. It has been suggested that platypi can adjust sensitivity and flexibility of the push rods by contracting the actin-rich sphincter localized at the base of the epidermal part of the structure (50) . Push rods are densely innervated by myelinated trigeminal afferents and consist of keratinocytes with embedded mechanoreceptive end-organs: Merkel cell-neurite complexes, Pacinian-like corpuscles, and vesicle-chain receptors (FIGURE 1) . Accordingly, electrophysiological recordings detected mechanosensory units with rapidly and slowly adapting discharges, and several intermediately adapting units (Table 1 ) (29).
Short-Beak Echidna (Tachyglossus Aculeatus)
Short-beak echidna, endemic to Australia and Tasmania, has an ϳ7-to 8-cm-long beak covered with electro-and mechanoreceptors and innervated by trigeminal afferents. This antenna-like structure serves the purpose of detecting ants and termites underground. Similar to platypus, echidnas evolved push rod-like organs, which contain vesicle-chain receptors, Merkel cell-neurite complexes, and Pacinian-like corpuscles (FIGURE 1) (1). Ultrastructural studies showed that the push rods are flexible and not attached to the surrounding tissue. However, they are considered less sensitive than the push rods of platypus, because echidna push rods are tightly connected to the epidermis and thus have less freedom of movement during mechanical stimulation or shear stress (50) . Moreover, the number of Pacinian corpuscles, vesicle chains, and Merkel cells are reduced compared with the push rods in platypus (64) . Electrophysiological studies revealed that 75% of mechanosensitive units have slowly adapting discharges, whereas the rest are rapidly adapting with no intermediate discharges detected (Table 1) (36, 37).
Specialization in Placental Mammals
Star-Nosed Mole (Condylura Cristata)
The star-nosed mole forages in muddy soils using its "star" organ formed by two sets of 11 fleshy mechanosensory appendages around the nostrils, each containing 600-1,700 bulbous papillae on its surface, called Eimer's organs. Each Eimer's organ is innervated by myelinated trigeminal LTMRs terminating in Merkel cell-neurite complexes, in Pacinian-like corpuscles, or as free nerve endings (FIGURE 1), with an average of 6,110 fibers/ray, which together constitute the densest population of mechanoreceptive end-organs found in mammals (9, 68) . This diversity of mechanoreceptors enables the Eimer's organ to recognize both static and dynamic stimuli with high precision and accuracy (52) . The myelinated trigeminal LTMRs respond to mechanical stimulation with both rapidly and slowly adapting firing discharges (52) . Histological and molecular data show that, similar to ducks (71), mole TG is enriched with LTMRs at the expense of nociceptors (21) .
The 22 rays of the star are organized in two 11-ray sets and act together in a way similar to a primate's eye. Upon encountering an object, rays 1 through 10 perform saccade-like movements to direct the object to ray 11 in the center of the star. This ray has the greatest LTMR innervation and is represented in the somatosensory cortex by the largest area per afferent. Ray 11 performs the final detailed investigation of the object, which can be as small as 1 mm in diameter, functioning as the tactile fovea of the star organ. Such an elaborate somatosensory structure enables the mole to identify and eat its prey in as short as 100 -300 ms, making it the fastest known mammalian predator (11) .
Chiroptera
Bats are the only order of mammals capable of sustained flight. The remarkable agility of bats' flight requires precisely timed coordination of limb and body movements in response to changes in air flow and body position. In addition to hearing and vision, muscle movements controlling air maneuvers rely on the abundant, rapidly changing tactile information from the mechanosensory system in the wing (12) . Histological analyses of the wing membrane of the big brown bat (Eptesicus fuscus) revealed that the hairs are situated in follicles. Almost 50% of the follicles are dually innervated by lanceolate nerve endings and Merkel cell-neurite complexes (54) . In rodents, the inclusion of Merkel cells into hair follicles is rare and restricted only to guard hairs, which comprise ϳ2% of all hairs (44). The two types of end-organs are known to detect rapid and slow hair deflection, respectively. In the context of flight, the presence of a multimodal mechanoreceptor could be crucial for precise monitoring of changes in the speed and direction of airflow. Indeed, depilation adversely alters flight behavior, suggesting that airflow is detected by hair deflection (74) . Accordingly, air puffs activate neuronal responses in primary somatosensory cortex, demonstrating that airflow and tactile stimuli engage the same neuronal circuit (54) . The expansion of this type of hairs and the elimination of the drag-inducing coat hairs could represent a unique evolutionary adaptation for flight at the level of the somatosensory system. 
Cellular and Molecular Basis of Mechanoreception
The general principle of how touch is converted into excitation in LTMRs is well established. This involves a concerted action of two major functional groups of ion channels: cation nonselective mechanotransducers, which mediate initial cationic influx in response to touch (the so-called mechano-activated, or MA, current), and voltagegated calcium-and sodium-selective channels, which generate and propagate action potentials. The understanding of molecules that mediate all these aspects of mechanosensation could be furthered by studying species specialized for tactile acuity.
Electrophysiological analyses of mechanically activated excitatory currents in cultured sensory neurons strongly suggest that more than one type of mechanotransducer should exist (14, 33, 35, 56, 66) . Yet, despite years of research, their molecular identity remained a complete mystery until very recently. In 2010, Coste et al. reported the identification of Piezo2, a cation-selective ion channel that generates fast-inactivating MA current (15) . In mouse TG and DRG, Piezo2-expressing neurons account for 20 -40% of the total neuronal population (5, 15, 47, 65) . In TG of tactile specialist ducks, however, such as the Pekin duck (Anas platyrhynchos domesticus), Mallard (Anas platyrhynchos), and Shoveler (Anas clypeata), the proportion of Piezo2-expressing neurons reaches 85% (71) . Interestingly, the deletion of Piezo2 in mouse somatosensory neurons suppresses, but does not eliminate, light touch responses, strongly suggesting that Piezo2 is a major contributor to the perception of light touch, but not the only light touch receptor. Accordingly, the deletion of Piezo2 drastically decreases but does not eradicate fast-inactivating MA current in neurons in vitro (65) . This leaves the possibility that a small subset of neurons with fast-inactivating MA current is mediated by an unknown mechanotransducer functionally similar to Piezo2. In mouse DRG, the deletion of Piezo2 has no significant effect on intermediately and slowly inactivating MA current, which together are present in almost 50% of mouse DRG neurons (65) . Thus Piezo2 provides a molecular basis for the majority of fast-inactivating MA current, but the identity of mechanotransducers with slower kinetics of inactivation remains to be determined.
In addition to its role in LTMRs, Piezo2 was found to be important for innate mechanosensitivity of Merkel cells. Deletion of Piezo2 in Merkel cells shifts responses of associated LTMRs from slowly to rapidly adapting, suggesting that their typical slowly adapting discharge requires the presence of a Merkel cell. Accordingly, selective activation of Merkel cells alone triggers slowly adapting responses in the afferent (49) . Thus the molecular mechanism that fine-tunes sensitivity of Merkel cell-neurite complex depends on the same mechanotransducer ion channel. Whether Piezo2 is similarly important for mechanosensitivity of the neural and somatic components of other types of mechanoreceptive end-organs is unclear. However, it has been established that somatic components play a crucial role in shaping mechanosensory specificity of LTMRs. For example, stimulation of Pacinian corpuscles evokes a fast-inactivating receptor potential in the associated rapidly adapting LTMR. However, stimulation of an LTMR devoid of most of the sheath forming the Pacinian capsule evokes a slowly inactivating receptor potential. It was proposed that the lamellae act as mechanical filters, allowing only transient responses to reach the neural core (46, 57) . How the somatic and neural components communicate on the chemical or electrical level is unclear. Strong evidence suggests that, in the Merkel cellneurite complex, the process relies on a synapselike mechanism (31, 34, 48, 58) , but the details are pending investigation. Similarly, a synapse-like communication between the neuron and lamellar cells also has been proposed to explain mechanosensitivity of Pacinian corpuscles (60, 61) .
Electrophysiological properties of LTMRs, especially the A␦ and A␤-type, are difficult to study, since these neurons are relatively rare in rodent DRG, where 60 -70% of neurons are C-type nociceptors and thermoreceptors (39). For example, in mouse DRG, rapidly adapting LTMRs account for ϳ6% of all DRG neurons (45) , yet this type of afferent innervates several classes of mechanoreceptive end-organs: Pacinian corpuscles, Meissner corpuscles, and lanceolate endings surrounding guard and awl/auchene hairs. Recent studies utilizing microarray-based and single-cell PCR-based transcriptomic approaches further highlight the functional heterogeneity of rodent DRG neurons, which remain the main experimental model in sensory physiology (13, 76) . These considerations catalyze the need to turn investigators' attention to tactile specialists who possess an increased proportion of LTMRs in their sensory ganglia. As mentioned above, star-nosed moles and tactile foraging ducks display a redistribution of neuronal subtypes in their trigeminal ganglia in favor of the A␤-type LTMRs, as revealed by immunohistochemistry, in situ hybridization, and transcriptome analyses (21, 71) . These animals could bring a fresh perspective to reveal both specialized and general molecular principles underlying tactile perception in vertebrates. The molecular basis of mechanosensation has only started to emerge. The discovery of Piezo2 marks a pivotal milestone, yet our understanding of this process is far from complete. Further studies combining the conventional rodent model system with non-standard organisms in which a sensory modality is taken to the extreme should yield novel and unexpected insights into these areas of sensory physiology. Ⅲ 36. Iggo A, Gregory JE, Proske U. Studies of mechanoreceptors in skin of the snout of the echidna Tachyglossus aculeatus. 
